Coherent zone-folded acoustic phonons are excited in GaAs͞AlAs superlattices by femtosecond laser pulses via resonant impulsive stimulated Raman scattering in both forward and backward scattering directions. The relative amplitudes of three distinct modes of first and second backfolded order match well with scattering intensities calculated within an elastic continuum model. The detection of the coherent acoustic modes is based on the modulation of the interband transitions via the acoustic deformation potential and exhibits a strong enhancement at interband transitions. [S0031-9007(98)08288-X] PACS numbers: 78.66.Fd, 63.22. + m, 78.47. + p The investigation of low-energy elementary excitations in semiconductor heterostructures is driven by their relevance as the final state in the energy relaxation process. In particular, acoustic phonons play a dominant role for dephasing processes at low lattice temperature and for heat transport in general. Acoustic phonons are commonly investigated by continuous wave (cw) Brillouin scattering. Time resolved experiments based on ultrashort pulse lasers have largely contributed to the understanding of acoustic phonon dynamics. Recently, the generation and propagation of ballistic acoustic phonons in a single semiconductor quantum well was observed by surface deflection spectroscopy [1] . Semiconductor superlattices exhibit zone folding of the acoustic branches within the mini-Brillouinzone (mini-BZ) due to the artificial periodicity of the elastic properties along the growth direction. Here, light can couple to zone-folded acoustic modes of the superlattice at higher frequencies in the 100 GHz to THz range. These modes have been extensively studied in cw Raman spectroscopy [2] [3] [4] . The folded bulk acoustic branches are optical branches within the superlattice zone scheme; thus light scattering from those modes is referred to as Raman scattering. The coherent excitation of a single first-order zone-folded mode was observed in GaAs͞AlAs superlattices using a time-derivative detection scheme [5] . However, the excitation and detection mechanisms are not yet fully clarified. In this paper we report on the nature of the excitation and detection mechanisms relevant for coherent zone-folded acoustic vibrations of first and second order in GaAs͞AlAs superlattices.
The investigation of low-energy elementary excitations in semiconductor heterostructures is driven by their relevance as the final state in the energy relaxation process. In particular, acoustic phonons play a dominant role for dephasing processes at low lattice temperature and for heat transport in general. Acoustic phonons are commonly investigated by continuous wave (cw) Brillouin scattering. Time resolved experiments based on ultrashort pulse lasers have largely contributed to the understanding of acoustic phonon dynamics. Recently, the generation and propagation of ballistic acoustic phonons in a single semiconductor quantum well was observed by surface deflection spectroscopy [1] . Semiconductor superlattices exhibit zone folding of the acoustic branches within the mini-Brillouinzone (mini-BZ) due to the artificial periodicity of the elastic properties along the growth direction. Here, light can couple to zone-folded acoustic modes of the superlattice at higher frequencies in the 100 GHz to THz range. These modes have been extensively studied in cw Raman spectroscopy [2] [3] [4] . The folded bulk acoustic branches are optical branches within the superlattice zone scheme; thus light scattering from those modes is referred to as Raman scattering. The coherent excitation of a single first-order zone-folded mode was observed in GaAs͞AlAs superlattices using a time-derivative detection scheme [5] . However, the excitation and detection mechanisms are not yet fully clarified. In this paper we report on the nature of the excitation and detection mechanisms relevant for coherent zone-folded acoustic vibrations of first and second order in GaAs͞AlAs superlattices.
Most time resolved experiments on coherent lattice excitations dealt with longitudinal optical phonons [6] or phonon polaritons [7] . While the excitation of phonon polaritons relies on impulsive stimulated Raman scattering (ISRS) [8] , in the case of longitudinal optical phonons, a variety of excitation processes have been identified which cannot be explained within the context of stimulated Raman scattering. The most prominent non-Raman type mechanisms are the displacive excitation of coherent phonons relevant for symmetry maintaining optical modes [9] and the generation of coherent LO phonons via rapid surface field screening in polar semiconductors [10] . One important hint towards the determination of the excitation process is the wave vector of the excited mode. Because of the flat dispersion of optical phonons in the vicinity of the BZ center their wave vector cannot be determined with high accuracy. However, due to the steeper dispersion of the acoustic modes, their wave vector can be determined accurately from the observed frequency, provided a high resolution and an accurate theoretical dispersion. Thus Raman and non-Raman excitation mechanisms can be distinguished.
The vibrational properties of the superlattice are analyzed within an elastic continuum model [3, 11] , which yields an implicit equation for the acoustic dispersion in the low frequency limit (,2 THz). The eigendisplacement fields are calculated by a Fourier expansion method which gives the symmetry properties of the vibrations and scattering intensities of the modes [4] . The lowest order dispersion reads
where C 0 and r 0 are the zeroth order expansion coefficients of the elastic stiffness constant C 11 and the crystal density along the growth direction and q is the phonon wave vector. G 2p͞d SL 2p͑͞d GaAs [4] . If a Raman scattering process is the driving force of the lattice vibrations, only longitudinal acoustic modes with antisymmetric contributions to the displacement field are scattering active [4] . Transverse modes are forbidden for (001) surfaces. As a consequence at the BZ center the longitudinal antisymmetric modes are driven selectively, while at backscattering wave vector a doublet corresponding to the two branches of a folded order is active. Three samples grown on a (001)-oriented GaAs substrate consisting of 40 periods are investigated. The parameters of the active zones are for sample A: 19 monolayers (ML) GaAs and 19 ML AlAs (19͞19), sample B: (24͞4), and sample C: (18͞5). Between the superlattice and the substrate an Al 0.36 Ga 0.64 As layer of 1 mm is employed which is used as etch stop when removing the substrate for transmission experiments by wet etching.
Femtosecond time resolved investigations are performed in a standard pump-probe setup. An intense pump pulse derived from a tunable mode locked Ti:sapphire laser, tuned to the first interband transition of the samples, is focused to a spot of ഠ120 mm on the sample. The excitation density corresponds to a bulk excitation density of 10 18 electron-hole pairs͞cm 3 . The pulse duration of approximately 50 fs is far below the period of the first and second order folded acoustic phonons. A probe pulse of lower intensity, focused to a spot of ഠ40 mm, is used to observe reflectivity and transmission changes as a function of time delay between pump and probe pulse. The reflectivity͞transmission measurements are performed either with the full spectrum of the laser pulses or with a probe pulse, whose spectrum is narrowed by bandpass filters. For increasing the signal-to-noise ratio we measure the time resolved signal with a commercial data acquisition system based on a rapid scanning delay line (Aixscan, GWU Lasertechnik) which allows the detection of relative signal changes of some 10 27 without using a lock-in amplifier [10] . The reflectivity changes are dominated by carriers excited resonantly at the first interband transition. An initial reflectivity change in the order of DR͞R 0 ഠ 10 23 is induced (inset in Fig. 1 ). The slowly decaying electronic signal is modulated by minute oscillations of the coherently generated acoustic phonons with an amplitude of DR͞R 0 ഠ 10 25 . In order to separate the lattice dynamics from the carrier dynamics, we extract the oscillating signature numerically. symmetric and antisymmetric properties of the displacement field. The central modes II 1 and II 2 are assigned to the A 1 zone center modes with p 21 and p 12 excited via forward scattering ISRS. This is evident from the good agreement between the spectrum and the dispersion and in accordance with the predictions of the Fourier expansion method on the Raman activity of the BZ center modes.
In transmission experiments on the same sample further evidence is gained that the peaks labeled II belong to BZ center modes. Under identical excitation conditions no triplet appears. Only the central frequencies (II 1 , II 2 ) are observed (Fig. 2, dashed spectrum) . This is due to the fact that the total thickness of the superlattice is 4 times the wavelength of the modes with q 2 3 k laser , averaging out signatures of the modes I and III in contrast to reflectivity measurements that are more sensitive towards the top layers of the superlattice.
The dispersion close to the center of the mini-BZ for each backfolded order is symmetric around the frequency v The results obtained in sample A are confirmed in samples B and C, though only first-order phonons are resolved [13] . The modes I 1 and III 1 match the backscattering light wave vector transfer and the central modes II 1 correspond to the A 1 -symmetry BZ-center modes (Fig. 3) . The gaps of first order in samples B and C are found to be smaller than the gaps obtained from the model calculation, treating the superlattice as abruptly layered continuum. The ratio of the experimental gap to the calculated gap is 0.5 for sample B and 0.47 for sample C in contrast to sample A where no deviation of the experimental gap from the model gap is found. The size of the gap is proportional to the mismatch of the acoustic impedances of the two constituting materials at the interfaces [12] . Smeared out interfaces due to monolayer fluctuations result in a more alloylike material and a reduced mismatch of the acoustic impedance. In contrast to sample A, in samples B and C the AlAs layers consist of only 4 and 5 ML, respectively. The deviation of the experimentally found gaps from the model calculation for these samples is attributed to the relatively larger influence of ML fluctuations at these small numbers of ML. Nonperfect interfaces do not affect the dispersion at backscattering q values, because apart from the center and the edge of the mini-BZ the acoustic dispersion is well defined by folding of an averaged bulk dispersion [Eq. (1)]. We compare the observed Fourier powers of the first order modes I 1 and III 1 normalized to the II 1 peak to the normalized calculated Raman scattering intensities (calculation according to Ref. [4] ) in Table I . This comparison is possible since for both cw scattering and impulsive scattering the phonon-light interaction is mediated through the modulation of the photoelastic properties along the growth direction [4, 6] , i.e., the same Raman-tensor elements. The experimental and calculated relative intensities agree well thus confirming ISRS as the driving mechanism.
In order to get information on the detection process, we perform energy resolved reflectivity and transmission experiments on sample A. The central wavelength of the pump beam is tuned to the first interband transition of the sample at 1.548 eV as determined by cw transmission spectroscopy. The probe beam is spectrally filtered behind the sample by a tunable bandpass filter of 10 meV width. Figure 4 shows the amplitude of the observed phonon induced reflectivity changes as a function of the detection photon energy at constant pump energy. A strong resonant behavior in the vicinity of the interband resonance with a p phase shift on either side is observed. No vibrations are detected at energies below 1.482 eV and above 1.591 eV. Assuming that the reflectivity R is mainly determined by changes of the refractive index n rather than by changes in the extinction coefficient k, we can write
≠E͞≠Q is the deformation potential induced shift of the electron (hole) energy induced by the atomic displacement DQ. Since we probe transitions close to the BZ center, we assume that at the discussed energies the dispersion of the deformation potential is negligible compared to the energy dependence of the reflectivity change amplitude.
In the vicinity of a strong absorption peak the refractive index and thus ≠n͞≠E has a schematical behavior as shown in the inset in Fig. 4 . A comparison of the experimental reflectivity change amplitude as a function of the detection energy DR 0 ͑E͒ with the schematic ≠n͞≠E behavior indicates that ≠n͞≠E is the dominating contribution to the energy dependence of the reflectivity amplitude.
In energy resolved experiments in transmission geometry where ≠k͞≠E is the counterpart to ≠n͞≠E we find exactly one p phase shift within the range where the acoustic phonons can be detected at the first heavy holeelectron transition. This is in agreement with the expected ≠k͞≠E behavior.
In conclusion we impulsively generated coherent zonefolded acoustic phonon modes of first and second order in GaAs͞AlAs superlattices by resonant impulsive stimulated Raman scattering in forward and backward scattering directions. The obtained spectra are in good agreement with calculated dispersion curves, symmetry properties, and relative Raman scattering amplitudes. The modulation amplitude of the optical properties by the acoustic vibrations exhibits a strong resonant behavior as a function of the detection photon energy in the vicinity of the first interband transition.
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